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CATALYTIC GASIFICATION OF 'SHALE OIL 

P. L. Cottingham and H. C .  Ca rpen te r  

Laramie Pet ro leum Research  Cen te r  
Bureau o f  Mines, U.S. Department of I n t e r i o r  

Laramie,  Wyoming 

INTRODUCTION 

Although t h e  Uni ted  States has  l a r g e  proven reserves of n a t u r a l  gas, o u r  annua l  
marketed p roduc t ion  i n c r e a s e d  f r a n  l e s s  t han  4 t r i l l i o n  c u b i c  f e e t  i n  1945 to  n e a r l y  
16 t r i l l i o n  cub ic  f e e t  i n  1964 (9).  Th i s  i n c r e a s e ,  coupled  w i t h  ou r  d e c r e a s i n g  r a t i o  

, o f  r e s e r v e s  t o  p roduc t ion ,  h a s  s t i m u l a t e d  i n t e r e s t  i n  p o s s i b l e  methods f o r  supp le -  
ment ing  ou r  f u t u r e  n a t u r a l  gas  supply .  The l a r g e  q u a n t i t i e s  of o i l  s h a l e  i n  t h e  
wes te rn  United S t a t e s  sugges t  t h e  u s e  of o i l  s h a l e  o r  shale o i l  f o r  such  supp lemen ta l  
purposes .  Var ious  a u t h o r s  have  r e p o r t e d  on t h e  the rma l  g a s i f i c a t i o n  o f  t h e s e  m a t e r i a l s  
( 5 , 6 , 7 , 8 ) .  
s h a l e  o i l ,  u s i n g  as  c a t a l y s t s  d e p l e t e d  uranium and c o b a l t  molybdate  on a lumina  sup- 
p o r t s .  

The p r e s e n t  s t u d y  i s  concerned wi th  c a t a l y t i c  h y d r o g a s i f i c a t i o n  o f  c rude  

P rev ious  expe r imen t s  i n  c a t a l y t i c  hydrogena t ion  of c rude  s h a l e  o i l  a t  t h e  Laramie 
Pe t ro leum Research  Cen te r  of t h e  Bureau o f  Mines (3,4) showed t h a t  p r e s s u r e s  i n  
e x c e s s  o f  2,000 pounds p e r  s q u a r e  i n c h  g r e a t l y  suppres sed  t h e  f o r m a t i o n  o f  methane, 
e t h a n e ,  and c a t a l y s t  d e p o s i t s .  A t  500 pounds p r e s s u r e ,  c a t a l y s t  d e p o s i t s  became 
e x c e s s i v e .  The g a s i f i c a t i o n  exper iments  w e r e ,  t h e r e f o r e ,  made a t  1,000 pounds pres -  
s u r e  a s  a means of o b t a i n i n g  h igh  gas  y i e l d s  wi th  modera te  c a t a l y s t  d e p o s i t s .  

APPARATUS AND PROCEDURE 

A s i m p l i f i e d  f low d iagram o f  t h e  a p p a r a t u s  used f o r  t h e  g a s i f i c a t i o n  s t u d y  i s  
shown i n  f i g u r e  1. The r e a c t o r  w a s  a v e r t i c a l  2-9/16-inch-I.D. by 32- inch- long  
s t a i n l e s s  s t e e l  v e s s e l ;  i t  w a s  mod i f i ed  f o r  t h e s e  expe r imen t s  by a s t a i n l e s s  s teel  
s l e e v e  t h a t  was i n s e r t e d  t o  reduce  t h e  i n t e r n a l  d i a m e t e r  t o  1 i n c h .  T h i s  m o d i f i c a t i o n  
e f f e c t e d  improved t empera tu re  c o n t r o l .  The r e a c t o r  c o n t a i n e d  18 i n c h e s  o f  alundum 
g r a n u l e s  a t  t h e  t o p  t o  s e r v e  as a p r e h e a t e r ,  12-1/2 i n c h e s  o f  c a t a l y s t ,  and 1-1 /2  
i n c h e s  o f  alundum g r a n u l e s  a t  t h e  bottom. C a t a l y s t  t e m p e r a t u r e s  were de te rmined  by 
f i v e  thermocouples spaced  a t  2-1 /4- inch  i n t e r v a l s  i n  a c e n t r a l  thermowel l  i n  t h e  
c a t a l y s t  bed. 

Hydrogen and o i l  were  mixed a t  t h e  i n l e t  t o  t h e  r e a c t o r  and passed  downward 
through t h e  c a t a l y s t .  L iquid  p r o d u c t s  were s e p a r a t e d  i n  two h i g h - p r e s s u r e  s e p a r a t o r s  
o p e r a t e d  i n  series a t  350'F. and 40°F.  . 
s t o r e d  u n t i l  i t  could  be  sampled f o r  mass s p e c t r o m e t e r  a n a l y s i s .  

Gas from t h e  c o l d  r e c e i v e r  w a s  metered  and 

Each g a s i f i c a t i o n  exper iment  was run  f o r  6 hour s  w i t h  12 ,000  c u b i c  f e e t  o f  hydro- 
gen p e r  b a r r e l .  
l i g h t - e n d s  f r a c t i o n  c o l l e c t e d  i n  a d r y - i c e  t r a p ,  a naph tha  f r a c t i o n  b o i l i n g  up t o  
400"F.,  and a r e c y c l e  f r a c t i o n  c o n t a i n i n g  e v e r y t h i n g  b o i l i n g  above  400'F. 
ends  from t h e  co ld  t r a p  were ana lyzed  by t h e  m a s s  s p e c t r o m e t e r  and a p p r o p r i a t e  we igh t s  
were added to t h e  gaseous  and l i q u i d  p roduc t s .  Carbon d e p o s i t s  i n  t h e  r e a c t o r  were 
de te rmined  by measur ing  t h e  ca rbon  d i o x i d e  o b t a i n e d  when p a s s i n g  a i r  th rough  t h e  
r e a c t o r  t o  r e g e n e r a t e  t h e  c a t a l y s t .  

A t  t h e  end o f  an  exper iment ,  l i q u i d  p r o d u c t s  w e r e  d i s t i l l e d  i n t o  a 

The l i g h t  

CATALYSTS 

The c a t a l y s t s  used -were commercial  c o b a l t  molybdate and a l a b o r a t o r y - p r e p a r e d  
d e p l e t e d  uranium c a t a l y s t .  
r e p e a t e d  r e g e n e r a t i o n s  and exposure  t o  h igh  t empera tu res  such as  t h o s e  used i n  g a s i f i -  
c a t i o n  work. 

The c o b a l t  molybdate i s  a rugged c a t a l y s t ,  a b l e  t o  s t and  

It c o n s i s t e d  of c o b a l t  and molybdenum o x i d e s  on 6- t o  8-pesh  a lumina  



2 

0 
cu I - 

I 

t 



3 
g r a n u l e s .  The uranium c a t a l y s t  c o n s i s t e d  of  7 .7  p e r c e n t  d e p l e t e d  uranium (uranium 
from w h i c h . t h e  U-235 h a s  been removed) i n  t h e  o x i d e  form on 1/8- inch  H-151 alumina 
b a l l s .  This c a t a l y s t  had produced h i g h  g a s  y i e l d s  i n  p r e v i o u s  h y d r o g e n a t i o n  e x p e r i -  
ments w i t h  s h a l e  o i l  a t  t h e  Laramie Petroleum Research Center ,  and t h e s e  r e s u l t s  sug- 
ges ted  i t s  p o s s i b l e  use as a h y d r o g a s i f i c a t i o n  c a t a l y s t .  Both c a t a l y s t s  were main- 
t a i n e d  under  a hydrogen  atmosphere a t  approximate  r e a c t i o n  tempera ture  and  p r e s s u r e  
f o r  about  12 h o u r s  b e f o r e  each  experiment .  

FEEDSTOCK 

The crude  s h a l e  o i l  used f o r  t h e s e  s t u d i e s  w a s  prepared  i n  t h e  Bureau of Mines 
,gas-combust ion r e t o r t  a t  R i f l e ,  Colorado.  It was f i l t e r e d  b e f o r e  u s e  t o  reduce  the  
; a s h  c o n t e n t  t o  a few h u n d r e d t h s  of 1 p e r c e n t .  P r o p e r t i e s  are shown i n  t a b l e  1. The 

TABLE 1. - P r o p e r t i e s  of c r u d e  s h a l e  o i l  

S p e c i f i c  g r a v i t y  a t  60"/60"F. 0.9408 

E lemen t a  1 a n a l y s i s  : 
S u l f u r  
N i t r o g e n  
Carbon 
Oxygen (by d i f f . )  
Hydrogen/carbon a tomic  r a t i o  

Carbon r e s i d u e  
I r o n  
Zinc and a r s e n i c  
V i s c o s i t y  a t  140°F. 
V i s c o s i t y  a t  210°F. 

wt.  % 
w t .  % 
w t .  % 
W t .  % 

w t .  % 
p.p.m. 

c s .  
cs. 

0 .68  
2 .18  

83.96 
11.40 

1 . 6 1  

3 .5  
40 
P r e s e n t  
28.30 

8 . 2 3  

ASTM g a s - o i l  d i s t ' n  a t  760 mm.: 
I . B . P .  OF. 407 
Max. (c racking)  "F. 695 

Residue v o l .  % 62.5  
Rec over  y v o l .  % 37.5  

o i  c o n t a i n s  a l a r g e  amount of  s u l f u r - ,  n i t r o g e n - ,  and oxygen-conta in ing  compounds, 
and more than  h a l f  o f  i t  may c o n s i s t  of non-hydrocarbons (2). It h a s  a h i g h  v i s c o s i t y  
and c o n t a i n s  no  g a s o l i n e - b o i l i n g - r a n g e  material. The hydrogen-carbon mole r a t io  o f  
1 . 6 1  shows t h a t  a d d i t i o n a l  hydrogen must b e  added t o  t h e  o i l  i n  o r d e r  t o  c o n v e r t  it 
t o  p i p e l i n e  gas .  

CALCULATIONS 

A l l  gas measurements a r e  r e p o r t e d  a t  60°F. and 760 mm. mer'cury p r e s s u r e .  The 
hydrogen feed rate of  12,000 c u b i c  f e e t  p e r  b a r r e l  a t  t h e s e  c o n d i t i o n s  was 1.1 t i m e s  
t h e  s t o i c h i o m e t r i c  amount of about  10,690 c u b i c  f e e t  needed t o  c o n v e r t  t h e  c r u d e  o i l  
c o m p l e t e l y  t o  methane,  hydrogen s u l f i d e ,  ammonia, and water .  The y i e l d  of  methane as 
p e r c e n t  o f  s t o i c h i o m e t r i c  was c a l c u l a t e d  by d i v i d i n g  t h e  volume i n  c u b i c  f e e t  p e r  
b a r r e l  by 8 ,740 ,  which was t h e  s t o i c h i o m e t r i c  y i e l d  a t  t h e  g i v e n  c o n d i t i o n s .  

Conversion of f e e d s t o c k  was d e f i n e d  t o  be t h a t  p o r t i o n  of t h e  f e e d  c o n v e r t e d f o  
materials o t h e r  than  l i q u i d  o i l  and gas  h e a v i e r  t h a n  propane.  It would i n c l u d e  water ,  
hydrogen s u l f i d e ,  ammonia, coke ,  and gas .  

of  methane a s  p e r c e n t  of c o n v e r s i o n  were o b t a i n e d  by d i v i d i n g  t h e  weight  p e r c e n t  meth- 

Weight p e r c e n t  c o n v e r s i o n  was d e f i n e d  a s  
100 minus t h e  weight  p e r c e n t  l i q u i d  and gaseous p r o d u c t s  h e a v i e r  t h a n  propane.  Y i e l d s  

ane by t h e  weight  p e r c e n t  c o n v e r s i o n  and m u l t i p l y i n g  by 100. 

"'s 

l 



4 
Gross  h e a t i n g  v a l u e s  were c a l c u l a t e d  from component h e a t i n g  v a l u e s  used by the  

Bureau of  Mines i n  r e p o r t i n g  t h e  a n a l y s e s  of n a t u r a l  gases, (1). The v a l u e s  were tal- 
c u l a t e d  a t  760 nun. mercury  p r e s s u r e  t o  a g r e e  w i t h  t h e  volume measurements .  

RESULTS WITH DEPLETED URANIUM CATALYST 

T a b l e  2 shows t h e  r e s u l t s  from f i v e  exper iments  i n  h y d r o g a s i f y i n g  c r u d e  s h a l e  o i l  
o v e r  d e p l e t e d  uranium c a t a l y s t  a t  a s p a c e  v e l o c i t y  o f  0 . 5  volumes of o i l  p e r  volume 
of  c a t a l y s t  per h o u r .  Average  r e a c t i o n  t e m p e r a t u r e s  f o r  t h e  d i f f e r e n t  exper iments  
were from 880" t o  1 , 1 0 2 " F .  

T o t a l  gas volumes i n c r e a s e d  from 762 c u b i c  f e e t  p e r  b a r r e l  a t  880'F. t o  3 ,303 
c u b i c  f e e t  a t  1 ,102 'F. ;  a t  t h e  Same t i m e ,  t h e  methane c o n t e n t  of  t h e  g a s  i n c r e a s e d  
from 47.9 t o  53 .5  volume p e r c e n t ,  r e s u l t i n g  i n  a change i n  t h e  volume of methane from 
365 t o  1 , 7 6 7  c u b i c  f e e t .  A c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  h e a t i n g  v a l u e s  of t h e  gas  
o c c u r r e d ,  from 1 , 5 8 9  t o  1 , 4 8 1  Btu p e r  c u b i c  f o o t ,  as t h e  h e a t i n g  v a l u e s  tended t o  
approach  t h a t  of  methane.  

Expressed  on t h e  w e i g h t  b a s i s ,  t h e  y i e l d  of methane i n c r e a s e d  from 4.7 p e r c e n t  
a t  880°F. t o  22.6 p e r c e n t  a t  1 ,102"F. ,  and t o t a l  c o n v e r s i o n  i n c r e a s e d  from 23.6 t o  
69.4 p e r c e n t ;  t h e  c o r r e s p o n d i n g  change i n  methane y i e l d  e x p r e s s e d  as weight  percent  
of c o n v e r s i o n  w a s  f rom 1 9 . 9  t o  32.6 p e r c e n t .  

RESULTS WITH COBALT MOLYBDATE CATALYST 

T a b l e  3 shows r e s u l t s  from h y d r o g a s i f y i n g  c r u d e  s h a l e  o i l  o v e r  c o b a l t  molybdate 
c a t a l y s t  a t  a s p a c e  v e l o c i t y  of  1 .0  volume of  o i l  p e r  volume of  c a t a l y s t  p e r  hour .  
The a v e r a g e  r e a c t i o n  t e m p e r a t u r e s  from 974" t o  1,183'F. were h i g h e r  t h a n  t h o s e  used 
w i t h  d e p l e t e d  uranium c a t a l y s t .  Consequent ly ,  g r e a t e r  gas  y i e l d s  were obta ined  w i t h  
t h e  c o b a l t  molybdate .  However, s imilar t r e n d s  were shown by t h e  r e su l t s  obta ined  wi th  
b o t h  c a t a l y s t s .  

Convers ion  i n c r e a s e d  from 34.1 t o  85 .1  p e r c e n t  a s  t h e  a v e r a g e  t e m p e r a t u r e  was 
i n c r e a s e d  from 974" t o  1 , 1 8 3 " F . ,  and,  a t  t h e  same t i m e ,  methane y i e l d ,  as weight  per -  
c e n t  of  c o n v e r s i o n ,  i n c r e a s e d  from 24.6 t o  46.6 p e r c e n t .  A l s o ,  t h e  methane c o n t e n t  
of  t h e  gas  i n c r e a s e d  from 45.8 t o  63.0 volume p e r c e n t .  The i n c r e a s e d  p e r c e n t a g e  of 
methane i n  t h e  g a s  a t  t h e  h i g h e r  t e m p e r a t u r e  and c o n v e r s i o n  l e v e l s  was r e f l e c t e d  i n  
t h e  h e a t  c o n t e n t  o f  t h e  g a s ,  which d e c r e a s e d  from 1 , 6 0 1  Btu p e r  c u b i c  f o o t  f o r  the  
g a s  o b t a i n e d  a t  974°F. t o  1 ,315  Btu per  c u b i c  f o o t  f o r  t h e  g a s  o b t a i n e d  a t  1,183"F. 

Table  4 shows r e s u l t s  from h y d r o g a s i f y i n g  c r u d e  s h a l e  o i l  o v e r  c o b a l t  molybdate 
a t  s p a c e  v e l o c i t i e s  of  0 .50 and 0.25.  R e s u l t s  of  two exper iments  a t  d i f f e r e n t  temper- 
a t u r e s  are  shown f o r  e a c h  s p a c e  v e l o c i t y .  

Decreas ing  t h e  s p a c e  v e l o c i t y  had much t h e  same e f f e c t  as i n c r e a s i n g  the  react ion 
t e m p e r a t u r e .  Comparing r e s u l t s  o b t a i n e d  a t  1,106'F. a v e r a g e  t e m p e r a t u r e  and 0.25 
s p a c e  v e l o c i t y  w i t h  t h o s e  o b t a i n e d  a t  1,114'F. and 0.50 s p a c e  v e l o c i t y  shows t h a t  
g r e a t e r  methane y i e l d ,  g r e a t e r  t o t a l  gas  y i e l d ,  g r e a t e r  c o n v e r s i o n ,  and h i g h e r  methane 
y i e l d s  expressed  e i t h e r  as p e r c e n t  of c o n v e r s i o n  o r  p e r c e n t  of  t o t a l  gas  were obta ined  
a t  t h e  lower s p a c e  v e l o c i t y .  
a t  t h e  lower s p a c e  v e l o c i t y  because  of t h e  h i g h e r  methane c o n t e n t .  These comparisons 
c a n  be ex tended  to  t h e  resul ts  shown i n  t a b l e  3 f o r  t h e  experiment  a t  1,lOb"F. and 
1.0 s p a c e  v e l o c i t y .  

H e a t i n g  v a l u e  of t h e  gas  i s  lower f o r  t h e  gas  produced 

The h i g h e s t  methane y i e l d ,  of 4 , 3 4 1  c u b i c  f e e t  p e r  b a r r e l ,  and h i g h e s t  gas y i e l d ,  
o f  5 ,725  c u b i c  f e e t  p e r  b a r r e l ,  were o b t a i n e d  a t  t h e  h i g h e s t  t empera ture  (1,196'F. 
a v e r a g e  o r  1 ,208"F.  maximum) and lowest  s p a c e  v e l o c i t y  (0.25) t h a t  were used .  The 
g r e a t e s t  c o n v e r s i o n  of f e e d s t o c k ,  8 8 . 1  weight  p e r c e n t ,  and g r e a t e s t  y i e l d  of methane 
a s  p e r c e n t  of c o n v e r s i o n ,  63.3 p e r c e n t ,  a l s o  were o b t a i n e d  a t  t h e s e  c b n d i t i o n s .  
ane  c o n t e n t  of  t h e  g a s  was 75.8 volume p e r c e n t ,  o r  49.7 p e r c e n t  of  s t o i c h i o m e t r i c .  
H e a t i n g  va lue  of  t h e  g a s  w a s  1 , 2 0 2  Btu p e r  c u b i c  f o o t .  

Meth- 
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pressure.regulator ( P ) .  The u n i t  pressure i s  indicated by a precision 
pressure gage, the pressure drop across the ca ta lys t  bed by a 
d i f f e ren t i a l  pressure gage. 
vaporizer temperatures a re  controlled by a six-point potentiometric- 
type on-off temperature control ler .  

The reactor used i n  the first se r i e s  of tests with E-hexane, 
- n-octane, and kerosene was simpler i n  construction than that used i n  the 
remainder of the t e s t  program. The major reactor and furnace dimensions 
are  shown schematically i n  Fig.  2. The reactor had been designed and 
used f o r  operation a t  high temperatures and pressures and i s  described 
f u l l y  elsewhere.’’ Because of i t s  large diameter, the reactor  was 
provided with a thick i n s e r t  t o  reduce the i n t e r n a l  diameter as wel l  
as t o  contain the ca ta lys t  and provide f o r  complete and easy ca ta lys t  
removal. The en t i r e  reactor  was heated by a single-zoned e l e c t r i c  
furnace. The temperatures within the reactor  were measured by a single 
t ravel ing thermocouple made of Chromel-Alumel and insulated w i t h  
magnesium oxide. It has a 0.040-inch-OD swaged s ta in less  s t e e l  
sheath. The thermocouple was mounted within an 1/8-inch-OD s t a in l e s s  
S tee l  thermowell which was mounted i n  the top cover of the reactor.  
Feed vapors entered the top of the reactor,  flowed downward through 
the ca ta lys t  bed, and returned t o  the top of the reactor through a 
3/16-inch-OD dip tube sealed in to  the top cover of the reactor  by a 
compression-type f i t t i n g .  

The major reactor  and e l ec t r ib  furnace dimensions f o r  the 
second reactor are shown schematically i n  Fig. 3. The furnace has 
four heating zones; two a re  on the ca ta lys t  bed which i s  supported and 
contained by two beds of alumina ine r t s .  Two separate heaters were used 
i n  the ca ta lys t  zone t o  provide be t t e r  temperature control.  A thermo- 
couple rake assembly, which contained seven Chromel-Alumel therrno- 
couples was used t o  measure reactor  temperatures. The thermocouples are 
insulated with magnesium oxide and have 0.025-inch-OD swaged s ta in less  
s t e e l  sheaths. To minimize possible temperature-measurement e r ro r s  
due t o  axial heat conduction along the thermocouples assembly ,each 
thermocouple extends perpendicularly from the axial thermowell. To 
follow the progress of the react ion through the ca ta lys t  bed and the 
deactivation o f  the ca ta lys t  with t i m e ,  four sam ling probes were 
inser ted a t  the same leve ls  as thermocouples 3, f, 5, and 6. The probes 
were located approximately 1/4 inch, 1-1/2 inches, 2-3/4 inches, and 
4 inches below the top of the bed. 

and l iquid samples taken with the probes. These methods allow continuous 
samples to  be withdrawn simultaneously a t  a l l  four points within the 
ca ta lys t  bed. The bed ranged from 25 t o  200 cc i n  volume. Since the 
t o t a l  f low rate of the probe samples i s  only a few percent of the t o t a l  
e x i t  stream flow ra te ,  T;he s t a b i l i t y  of reactor operation i s  not 
impaired, and the flow r a t e  i n  the bed does not vary appreciably. 
precision Sc ien t i f ic  Co. Chronofrac gas chromatograph was ins t a l l ed  
f o r  analyzing probe and product gas samples. 

A special  feed system was devised f o r  high-vapor-pressure 
l ight hydrocarbons such as propane and butane. 
Irere fed through a high-pressure rotameter from pressurized s ta in less  
s t e e l  cylinders. 
be used t o  feed the hydrocarbon lrhile the other was being weighed. 
The c g l b d e r s  were switched and weighed a t  the beginning and end of 
each steady-state period so  t h a t  the hydrocarbon feed ratel could be 

The reactor temperatures and the feed- 

\ 

* 

Methods were developed f o r  col lect ing and analyzing the gas 

A 

The l i g h t  hydrocarbons 

Ttro cylinders were used so that  one cylinder could 
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 measured^ more accurately.  The tanks were provided with quick- 
disconnect couplings a t  each end. 
i n t eg ra l  chedk valves t o  reduce loss of hydrocarbon during the switch- 
ing operation t o  a minimum. 

carbons were obtained from Phi l l ips  Petroleum Company. The e-hexane 
and benzene were pure grade (99.0 mole percent minimum pur i ty ) .  The 
- n-OCtane was technical  grade (95.0 mole percent minimum pur i ty ) .  

by Pyrofax Corporation. The l i gh t  kerosene, supplied by Universal O i l  
Products Company, had been p a r t i a l l y  desulfurized. The l i g h t  f i e 1  
naphtha was obtained from Indus t r ia l  Solvents Corporation. The j e t  
f u e l  vas obtained from Humble O i l  and Refining Company. 
of the commercial feeds a re  presented i n  Table 1. 

Chemical and physical analyses of l iqu id  feyds were per- 
formed by A.S.T.M. standard methods where applicable.  Gaseous feeds 
and product gases were analyzed by a method which i s  based largely 
on tha t  given by Hoggan and Battles'' and Rertolacini and Brney .  3 
The l iqu id  feeds, having low sulfur  contents, were analyzed f o r  sulfur  
by a method given by 

RESUIXS 

These couplings contained double, 

Feedstocks were obtained from several  sources. Pure hydro- 

The propane used was a commercially available feed supplied 

The properties 
. 

Thermodynamic Equilibrium Studies 

A detailed thermodynamic equilibrium study was made for a 
number of pure hydrocarbon feedstocks t o  calculate  the e f f ec t s  of 
operating variables on the heat of reaction and product gas composi- 
t ion.  These calculations Fiere made because experimental work done 
elsewhere had shown t h a t  product gas compozitions approached equi l i -  
brium qui te  closely with act ive ca ta lys t s .  
not only would these calculations be a guide for conducting experimental 

Equilibrium gas compositions , heats of reaction, and adiabatic 

It was thus expected tha t  

ywork, but a l so  would minimize the amount of experimental work required. 
I 

temperature changes were calculated fo r  each i n i t i a l  react ion tempera- * 

ture .  The variables studied were temperature, pressure, feed steam/ 
carbon r a t io ,  and feedstock. 

Equilibrium gas compositions (on a dry bas is )  f o r  steam re- 
forming of s-hexane are  given as a function of temperature; pressure, 
and feed steam/carbon r a t i o  i n  Fig. 4. 
studied, the carbon dioxide content i s  almost independent of temperature , 
pressure, and feed steam/carbon r a t i o  above a pressure of 10 a t m  
and below 750'K. The carbon monoxide content i s  affected by tempera- 
Lure arid pressure, but i s  not present i n  subs tan t ia l  concentrations. 
Increasing the pressure and decreasing the temperature r e s u l t s  i n  i n -  
creases i n  raw gas heating value, since methane content increases and 
hydrogen content decreases. 
a t n ,  
of using this  process fo r  hydrogen production i n  some systems, such 
a s  f u e l  ce l l s ,  where a pure hydrogen stream i s  not required. 

The e f fec t  of paraff in  carbon number on the equilibrium 
methane concentration i s  shorn for  three feed steam/carbon r a t i o s  in  
Fi&.  5. These resu l t s  indicate  tha t  a higher methane contdnt gas can 

I n  the range of variables 

The high hydrosen contents shown at 1 
LGSOK, and 'nigh steam/carbon r a i io s  suggest the poss ib i l i ty  

V 
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Table 1. -COMMERCIAL FEEDSTOCK PROPERTIES 
Light Light Liquid F e e d s  

Feedstock Naphtha J e t  Fuel  Kerosene 

Source Indus t r i a l  Humble O i l  & Universal O i l  
Solvents Corp. Refining Co. Products Co. 

Sgecific gravity,  

\ 

48.8 f API (60 /60°)  70.3 56.5 
ASTM Dis t i l l a t i on ,  ?F 

I .B .P .  167 

20% 
30% 
40% 

173 
17 4 
176 
177 
180 

50% 
60% 
70% 183 

187 
19 4 

80$ 
90% 
End Point 203 
Recovery, $ 99 
Residue, % 1 

Hydrogen 15..58 
Ultimate Analysis, w t  % 

Carbon 84.42 

To t a l  100.00 
C/H Ratio 5.42 
Sulfur,  ppm 28.9 
Hydrocarbon Type A 
Analysis, v o l  % 
Aromatics 2.0 
Olefins 0.0 
Saturates 

Total  
98.0 
100.0 

Gaseous Feed 
Feedstock Propane 
Source Pyrofax Corp. 
Composition, mole $ 

Propane 94.5 
Propylene 2.5 
Ethane 1.5 - i-Ehtane 
- n-h tane  

Total  

1.0 
0.5 
100.0 

323 
350 
385 
430 
478 
95 
3 

84.84 

5.83 
$$% 
80.5 

10.6 
4.6 
84.8 
100.0 

36 1 
37 1 
374 
378 
384 
388 
394 
400 
408 
4 16 
430 
445 
98 

2 

85.41 
14.72 

1oo.ocJ 
5.85 
32.4 

5.3 
1.1 

' 93.6 
100.0 

Sulfur  Content, ppm 16.8 
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